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The leptonic decays of the r lepton provide relevant tests on the structure of the weak currents and the 
universality of their couplings to the gauge bosons. The hadronic r decay modes constitute an ideal tool for 
studying low-energy effects of the strong interaction in very clean conditions. Accurate determinations of the 
QCD coupling and the strange quark mass have been obtained with r decay data. New physics phenomena, such 
as a non-zero m^^ or violations of conservation laws can also be searched for with r decays. 



1. INTRODUCTION 

The T lepton is a member of the third genera- 
tion which decays into particles belonging to the 
first and second ones. Thus, r physics could pro- 
vide some clues to the puzzle of the recurring fam- 
ilies of leptons and quarks. One naively expects 
the heavier fermions to be more sensitive to what- 
ever dynamics is responsible for the fermion-mass 
generation. The leptonic or semileptonic charac- 
ter of T decays provides a clean laboratory to test 
the structure of the weak currents and the uni- 
versality of their couplings to the gauge bosons. 
Moreover, the t is the only known lepton massive 
enough to decay into hadrons; its semileptonic 
decays are an ideal tool for studying strong inter- 
action effects in very clean conditions. 

The last few years have witnessed a sub- 
stantial change on our knowledge of the r proper- 
ties. The large (and clean) data samples collected 
by the most recent experiments have improved 
considerably the statistical accuracy and, more- 
over, have brought a new level of systematic un- 
derstanding. On the theoretical side, the detailed 
study of higher-order electroweak corrections and 
QCD contributions has promoted the physics of 
the T lepton to the level of precision tests. 

2. UNIVERSALITY 

2.1. Charged Currents 

The leptonic decays — > i>i,Vr, l^ i^^i^T are 
theoretically understood at the level of the elec- 
troweak radiative corrections 01. Within the 
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^ f{m}lml)rEW-, (1) 



where f{x) = 1 — 8x + — — 12x^ \ogx. The 
factor Tew = 0.9960 takes into account radia- 
tive corrections not included in the Fermi cou- 
pling constant Gp, and the non-local structure of 
the W propagator 

Using the value of Gp measured in /i decay, 
Gf = (1.16637 ± 0.00001) x 10"^ GeV^^ |,|, 
Eq. (0) provides a relation 1^ between the lep- 
tonic branching ratios Bi = B{t~ —^ Vrl~vi) and 
the T lifetime: 



Be = 



Bu 



0.972564 ±0.000010 

Tr 

(1.6321 ±0.0014) X 10-12 s 



(2) 



The errors reflect the present uncertainty of 0.3 
MeV in the value of m,-. 
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Present constraints on \gi/gi' 
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Figure 1. Relation between and Tr- The band 
corresponds to the prediction in Eq. (0). 



The relevant experimental measurements are 
given in Table 0. The predicted B^/Bf. ratio 
is in perfect agreement with the measured value 
B^/B^ = 0.974 ± 0.004. As shown in Fig. % the 
relation between Be and Tt is also well satisfied 
by the present data. The experimental precision 
(0.3%) is already approaching the level where a 
possible non-zero Vr mass could become relevant; 
the present bound § m^^ < 18.2 MeV (95% CL) 
only guarantees that such effect is below 0.08%. 

These measurements can be used to test the 
universality of the W couplings to the lep- 
tonic charged currents. The B^/Be ratio con- 
straints \g^i/ge\, while Bs/tt and B^jr-r provide 
information on |(7r/5/j| and Igr/ffel, respectively. 
The present results are shown in Table ^, to- 
gether with the values obtained from the ra- 
tios r(7r^ e^Ve)/T{TT^ M^f'p) (lO) and 
r(T- ^ iy,p-)/T{p- ^ ^1-9^) [P - 7:,K]. 
Also shown are the direct constraints obtained 
from the W~ l~i>i decay modes at LEP II pT] . 
The present data verify the universality of the 
leptonic charged-current couplings to the 0.15% 
(e//z) and 0.23% (r/^, r/e) level. 

2.2. Neutral Currents 

In the SM, all leptons with equal electric charge 
have identical couplings to the Z boson. This has 
been tested at LEP and SLC |l^, by measuring 
the total e+e^ Z ^ cross-section, the 

forward-backward asymmetry, the (final) polar- 
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ization asymmetry, the forward-backward (final) 
polarization asymmetry, and (at SLC) the left- 
right asymmetry between the cross-sections for 
initial left- and right-handed electrons and the 
left-right forward-backward asymmetry. The Z 
partial decay width to the final state deter- 
mines the sum (vf + af), while the ratio vi/ai is 
derived from the asymmetries, which measure the 
average longitudinal polarization of the lepton l~: 
Vi = -2viai/{vf + af). 

The measurement of the final polarization 
asymmetries can (only) be done for I = r, be- 
cause the spin polarization of the r's is reflected 
in the distorted distribution of their decay prod- 
ucts. Therefore, Vr and Ve can be determined 
from a measurement of the spectrum of the fi- 
nal charged particles in the decay of one t, or by 
studying the correlated distributions between the 
final products of both t's [ p^Jl3| . 

The data are in excellent agreement with the 
SM predictions and confirm the universality of 
the leptonic neutral couplings. Figure ^ shows 
the 68% probability contours in the ai-vi plane, 



obtained from a combined analysis |11| of all lep- 
tonic observables. 
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Figure 2. 68% probability contours in the ai-vi 
plane from LEP data Also shown is the 

Icr band resulting from the J^^i nieasurement at 
SLD. The grid corresponds to the SM prediction. 



3. LORENTZ STRUCTURE 

Let us consider the leptonic decay 
viV~vii. The most general, local, derivative-free, 
lepton-number conserving, four-lepton interac- 
tion Hamiltonian, consistent with locality and 
Lorentz invariance 



(3) 



contains ten complex coupling constants or, since 
a common phase is arbitrary, nineteen indepen- 
dent real parameters which could be different for 
each leptonic decay. The subindices e, w, a, A label 
the chiralities (left-handed, right-handed) of the 
corresponding fermions, and n the type of inter- 
action: scalar (/), vector (7'^), tensor {a^^ /y/2). 
For given n, e,^, the neutrino chiralities a and A 
are uniquely determined. 

The total decay width is proportional to the 
following combination of couplings, which is usu- 



ally normalized to one |]l5|] : 

+ {\9U' + \9W + \9W^\91l?) 
+ H\91l\' + \91r?) 
= Qrr. + Qrl + Qlr + Qll ■ (4) 

The universality tests mentioned before refer then 
to the global normalization G;//, while the g^^ 
couplings parameterize the relative strength of 
different types of interaction. The sums Qe^^ of 
all factors with the same subindices give the prob- 
ability of having a decay from an initial charged 
lepton with chirality w to a final one with chirality 
e. In the SM, gY^ = 1 and all other = 0. 

The energy spectrum and angular distribution 
of the final charged lepton provides information 
on the couplings g"^. For /i decay, where pre- 
cise measurements of the polarizations of both /i 
and e have been performed, there exist up- 
per bounds on Qrr, Qlr and Qrl, and a lower 
bound on Qll- They imply corresponding up- 
per bounds on the 8 couplings Iffflj^l, \9lr.\ ^^'^ 
Ig'^i^ I . The measurements of the and the e~ do 
not allow to determine \gfi^ \ and Ig]^^! separately 
Nevertheless, since the helicity of the t'^ 
in pion decay is experimentally known p7| to be 
— 1, a lower limit on \gYL \ is obtained ||l5| from the 



inverse muon decay i/^e 



These limits 



show nicely that the bulk of the /i-decay tran- 
sition amplitude is indeed of the predicted V— A 
type: > 0.960 (90% CL) §. Improved 

bounds on the fi couplings are expected from the 



Twist experiment |T8| at TRIUMF. 

The experimental analysis of the r-decay pa- 
rameters is necessarily different from the one ap- 
plied to the muon, because of the much shorter 
T lifetime. The measurement of the r polariza- 
tion is still possible due to the fact that the spins 
of the T+r" pair produced in e~^e~ annihilation 
are strongly correlated |12 l^Jl^. Another pos- 
sibility is to use the beam polarization, as done 
by SLD. However, the polarization of the charged 
lepton emitted in the r decay has never been mea- 
sured. The experimental study of the inverse de- 
cay — > T^vi looks far out of reach. 
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Figure 3. 90% CL limits ||2^] for the normal- 
ized T-decay couplings .g^" = g^^/N"-, where 
N" = max(|5,"^|) = 2, 1, 1/V3 for n = S, V, 
T, assuming e/n universality. The circles of unit 
area indicate the range allowed by the normaliza- 
tion constraint (|4[) . The experimental bounds are 
shown as shaded circles. The /u-decay limits are 
also shown (darker circles). 



The determination of the t polarization param- 
eters allows us to bound the total probability for 
the decay of a, right—handed T, Qm = Q RBr^Q lb- 
At 90% CL, one finds: Q;^'^ < 0.047, Ql;^" < 
0.054 and Q^^' < 0.032, where the last value 
refers to the r decay into either I — e or ^, 
assuming identical e/fi couphngs. These posi- 
tive semidefinite probabilities imply correspond- 
ing limits on all \g^ji\ and couplings. In- 
cluding also the information from the energy dis- 
tribution, one gets the bounds shown in Fig. |^, 
where e/ fj, universality has been assumed. 

4. SEARCHING FOR NEW PHYSICS 

4.1. The Tau Neutrino 

The DONUT experiment at Fermilab has pro- 
vided ||2l| the first direct observation of the 
(produced through p + N Dg + ■ ■ ■, followed 



by the decays Dg — > t~Dt- and t~ —^h'^-\-■■ •), 
through the detection of i^r + ^ t -I- AT. With 
this important achievement, all SM fermions have 
been finally detected and the three-family struc- 
ture is definitely established. 

The feasibility to detect r neutrinos is of 
great importance, in view of the recent Su- 
perKamiokande results |Q suggesting i/^ Vj- 
oscillations with — ~ (0.05 eV)^. This 
hypothesis could be corroborated making a long- 
baseline neutrino experiment with a j/^ beam 
pointing into a far (^ 700 Km) massive detector, 
able to detect the appearance of a r ||2^ . 

All observed t decays are supposed to be ac- 
companied by neutrino emission, in order to ful- 
fil energy-momentum conservation requirements. 
From a two-dimensional likelihood fit of the vis- 
ible energy and the invariant-mass distribution 
of the final hadrons in t~ VtX~ events, it is 
possible to set a limit on the Vr mass |^^. The 
strongest bound up to date |P, 

m^^ < 18.2 MeV (95% CL), (5) 

has been obtained from a combined analysis of 
{3TT)^h'r, (57r)^z^T- cvcuts. 

4.2. Lepton Number Violation 

In the minimal SM with massless neutrinos, 
there is a separately conserved additive lepton 
number for each generation. All present data are 
consistent with this conservation law. However, 
there are no strong theoretical reasons forbidding 
a mixing among the different leptons, in the same 
way as happens in the quark sector. Many mod- 
els in fact predict lepton-flavour or even lepton- 
number violation at some level [ p5| . Experimen- 
tal searches for these processes can provide in- 
formation on the scale at which the new physics 
begins to play a significant role. 

The present upper limits on lepton-flavour and 
lepton-number violating decays of the r |2^ are 
in the range of 10~^ to 10~^, which is far away 
from the impressive bounds obtained in /i de- 
cay [Br(/i- e-7) < 1.2 X 10~", Br(/i- 
e-e+e-) < 1.0 x lO'^^^ Br(/x- e'-f-f) < 
7.2 X 10"" (90% CL)]. Nevertheless, the r-decay 
limits start to put interesting constraints on pos- 
sible new physics contributions. With future t 
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samples of 10^ events per year, an improvement 
of two orders of magnitude would be possible. 

4.3. Dipole Moments 

Owing to their chiral-changing structure, the 
electroweak dipole moments may provide impor- 
tant insights on the mechanism responsible for 
mass generation. In general, one expects that a 
fermion of mass m / (generated by physics at some 
scale M ^ nif) will have induced dipole moments 
proportional to some power of m f /M. Therefore, 
heavy fcrmions such as the r should be a good 
testing ground for this kind of effects. Of special 
interest p7[| are the electric and weak dipole mo- 
ments, dj^ , which violate T and P invariance; 
they constitute a good probe of CP violation. 

The present experimental constraints on the 
electroweak dipole moments of the r have been 
recently reanalyzed, using effective operator tech- 
niques j2^. The achieved sensitivity is still 
marginal, but it is approaching the level of the 
SM contribution to the r anomalous magnetic 
moment MM 



Ith 



= (1.1773 ±0.0003) X 10- 



5. HADRONIC DECAYS 
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Figure 4. Pion form factor from —>■ i^T-vr^Tr*^ 



30| (filled circles) and e+e tt+tt data. 



The semileptonic decay modes — s- VtH^ 
probe the matrix element of the left-handed 
charged current between the vacuum and the final 
hadronic state H~ . 

For the decay modes with lowest multiplicity, 
T~ — > i'rTi~ and T~ — > VtK~ , the relevant ma- 
trix elements are already known from the mea- 
sured decays tt^ 1^^^^ and ^-^v^. The 
corresponding r decay widths can then be pre- 
dicted rather accurately. As shown in Table ||, 
these predictions are in good agreement with the 
measured values, and provide a quite precise test 
of charged-current universality. 

For the two-pion final state, the hadronic ma- 
trix element is parameterized in terms of the so- 
called pion form factor: 

(7r-^0|dV^/|0) = V2F^{s) {p^- -p^of . (6) 

Figure ^ shows the recent CLEO measurement of 
|-F7r(s)P from r i^T-7r^7r° data (a similar 
analysis was done previously by ALEPH |pT[| ). 
Also shown is the corresponding determination 
from e+e^ tt+tt^ data. The precision achieved 
with T decays is clearly better. There is good 
agreement between both sets of data, although 
the T points tend to be slightly higher |^ . 

A dynamical understanding of the pion form 
factor can be achieved p3["p5[, by using analyt- 
icity, unitarity and some general properties of 
QCD. 

At low momentum transfer, the coupling of any 
number of tt's, K^s and 77's to the V— A current 
can be rigorously calculated with Chiral Pertur- 
bation Theory | |3^ , p7[ | techniques, as an expansion 
in powers of s and light quark masses over the 
chiral symmetry breaking scale (A,^ ~ 1 GeV). 
This includes chiral loop corrections, which en- 
code the absorptive contributions required by uni- 
tarity. The short-distance information is con- 
tained in the so-called chiral couplings, which 
are known to be dominated by the effect of the 
lowest-mass resonances p8| . 

In the limit of an infinite number of quark 
colours Nc, QCD reduces to a theory of tree- 
level resonance exchanges Thus, the p prop- 
agator governs the pion form factor at ^/s ^ 1 
GeV, providing an all-order resummation of the 
polynomic chiral corrections. Moreover, requir- 
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Figure 5. Pion form factor data compared with 
theoretical predictions |33] . 



predictive power . This gives a better descrip- 
tion of the p' shoulder around 1.2 GeV. 

The dynamical structure of other hadronic final 
states has been also investigated. CLEO has mea- 
sured the four = 1+ structure functions 
characterizing the decay — > VrT^~2'n!^ ^ improv- 
ing a previous OPAL analysis A theoretical 
analysis of these data is in progress [|2| . 

6. THE TAU HADRONIC WIDTH 

The inclusive character of the total r hadronic 
width renders possible an accurate calculation of 
the ratio 



Vr hadrons (7)] 



r[r- 



(7) 



ing FTr{s) to satisfy the correct QCD behaviour 
at large s, one can determine the relevant p cou- 
plings |3^]. The leading 1/Nc corrections cor- 
respond to pion loops and can be incorporated 
by matching the large-iVp result with the Chiral 
Perturbation Theory description | |3^ ]. Using an- 
alyticity and unitarity constraints, the chiral log- 
arithms associated with those pion loops can be 
exponentiated to all orders in the chiral expan- 
sion. Putting all these fundamental ingredients 
together, one gets the result |]33|] : 



where 



A/2 



iMpTpis) 



exp 



s ReA{s) 



A{s) = log 



Af2 



s 



'(^1 log 



contains the one-loop chiral logarithms, a^^ = 
4m2/s and the off-shell p width is given by 

= 0(s-4m2)a3 Mps/(96^/')- This 
prediction, which only depends on Mp, 771,^ and 
the pion decay constant /tt , is compared with the 
data in Fig. | The agreement is rather impres- 
sive and extends to negative s values, where the 
e~7r elastic data (not shown in the figure) sits. 

One can include the effect of higher p reso- 
nances, at the price of having some free param- 
eters (subtraction constants) which decrease the 



using analyticity constraints and the Operator 
Product Expansion (OPE). 

The theoretical analysis of Rr involves the two- 
point correlation functions 



nr('z) 



\T{f{x)r{Qfm (8) 



for the vector, — = tpjj^ipi, and axial- 
vector, = Afj = ?/;j7^75i/)i, colour-singlet 
quark currents — u, d, s). They have the 
Lorcntz decompositions 



ij,V/A 



(9) 



where the superscript J = 0, 1 denotes the angu- 
lar momentum in the hadronic rest frame. 

The imaginary parts of the two-point functions 
n,[y|^^^(g2) are proportional to the spectral func- 
tions for hadrons with the corresponding quan- 
tum numbers. The hadronic decay rate of the 
T can be written as an integral of these spectral 
functions over the invariant mass s of the final- 
state hadrons: 



Rr = U7r 1 - 





1 + 2 



m 
s 



(10) 



imn(^'(s) -i-imn(")(s) 
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The appropriate combinations of correlators are 

n(^)(.) EE (ni2v(^) + n2^(.)) 

+ {^y{s)+I^Js)). (11) 

We can separate the inclusive contributions as- 
sociated with specific quark currents: 



lm(s) 



Rr.' 



Rt.A + Rt.. 



(12) 



Rt,v s-nd Rt,a correspond to the first two 
terms in (pT]), while Rt,s contains the remaining 
Cabibbo-suppressed contributions. Non-strange 
hadronic decays of the r are resolved experimen- 
tally into vector (Rt-.v) Siiid axial-vector (Rt^a) 
contributions according to whether the hadronic 
final state includes an even or odd number of pi- 
ous. Strange decays (Rr.s) e^i'C of course identified 
by the presence of an odd number of kaons in the 
final state. 

Since the hadronic spectral functions are sen- 
sitive to the non-perturbative effects of QCD 
that bind quarks into hadrons, the integrand in 
Eq. (10) cannot be calculated at present from 
QCD. Nevertheless the integral itself can be cal- 
culated systematically by exploiting the analytic 
properties of the correlators n('-')(s). They are 
analytic functions of s except along the positive 
real s-axis, where their imaginary parts have dis- 
continuities. Rr can therefore be expressed as a 
contour integral in the complex s-plane running 
counter-clockwise around the circle Isl = mi: 



Rr — 67ri 



ds 



s|— 

S 



1 



(13) 



1 + 2^ n("+i)(=s)-2^n(«)(s) 



correlators only 
which is signifi- 



This expression requires the 
for complex s of order m^, 
cantly larger than the scale associated with non- 
perturbative effects in QCD. The short-distance 
OPE can therefore be used to organize the per- 
turbative and non-perturbative contributions to 
the correlators into a systematic expansion 
in powers of 1/s. The possible uncertainties asso- 
ciated with the use of the OPE near the time-like 
axis are negligible in this case, because the inte- 
grand in (p^) includes a factor (1 — s/to^)^, which 




Re(s) 



Figure 6. Integration contour in the complex s- 
plane, used to obtain Eq. ( |l3|) 



provides a double zero at s = , effectively sup- 
pressing the contribution from the region near the 
branch cut. 

After evaluating the contour integral, Rr can 
be expressed as an expansion in powers of 1/m^, 
with coefficients that depend only logarithmically 
on rrir'- 



Rr — 3 5* 



EW 



1 + S'ew + 



D=0.2, 



5( 



D) 



The factors Sew = 1-0194 and (5^ 



EW 



(14) 



0.0010 



contain the known electroweak corrections at the 
leading jj] and next-to-leading logarithm ap- 
proximation. The dimension-0 contribution, S^^\ 
is the purely perturbative correction neglecting 
quark masses. It is given by p3|-^7|]: 

= 5]A;,A(")(a,) 



n=l 

ar 4 



5.2023 -t- 26.366 -I- 0(4) , (15) 



where a^- = Q!s(m^ )/7r. 

The dynamical coefficients Kn regulate the 
perturbative expansion of — s^n'^°+^) (s) in the 
massless-quark limit [sn(°)(s) = for mass- 
less quarks]; they are kno wn l50|j5l|] to 0{al): 
Ki = 1; K2 = 1.6398; KsiMS) = 6.3710. The 
kinematical effect of the contour integration is 
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contained in the functions 



12 5 10. 20. 50. 100. 



2Tri 



ds 

\s\=ml S 



1-2— + 2— (16) 



which only depend on as{m'^). Owing to the long 
running of the strong coupling along the circle, 
the coefficients of the perturbative expansion of 
(5*^°^ in powers of asirri^) are larger than the di- 
rect Kn contributions. This running effect can 
be properly resummed to all orders in as by fully 
keeping |46| the known four-loop-level calcula- 
tion of the integrals A(")(as). 

The leading quark-mass corrections 6^^^ are 
tiny for the up and down quarks. The correc- 
tion from the strange quark mass is important 
for strange decays but, owing to the |KtsP sup- 
pression, the effect on the total ratio Rr is below 
1%. 

The non-perturbative contributions can be 
shown to be suppressed by six powers of the r 
mass and, therefore, are very small. Their 
numerical size has been determined from the 
invariant-mass distribution of the final hadrons 
in r decay, through the study of weighted inte- 
grals H, 



R 



kl 



dRr 

ds 



(17) 



which can be calculated theoretically in the same 
way as Rr- The predicted suppression |^ of the 
non-perturbative corrections has been confirmed 



by ALEPH [|3[, CLEO |5 
most recent analyses fS 



and OPAL 
give 



(5np = ^^"^ = -0-003 ± 0.003 . 

D>4 



55 . The 



(18) 



The QCD prediction for Rry+A is then com- 
pletely dominated by the perturbative contribu- 
tion non-perturbative effects being smaller 
than the perturbative uncertainties from uncalcu- 
lated higher-order corrections. The result turns 
out to be very sensitive to the value of as(m^), 
allowing for an accurate determination of the fun- 
damental QCD coupling. The experimental mea- 
surement Rr.v+A = 3.484 ± 0.024 implies 
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Figure 7. Measured values of as in t and Z de- 
cays. The curves show the energy dependence 
predicted by QCD, using as{m'^) as input. 



= 0.200 ± 0.013, which corresponds (in the 
MS scheme) to 

as(m2) = 0.345 ±0.020. (19) 

The strong coupling measured at the r mass 
scale is significatively different from the values 
obtained at higher energies. From the hadronic 
decays of the Z boson, one gets as{M^) = 0.119± 
0.003 |0,|ll|, which differs from the r decay mea- 
surement by eleven standard deviations. After 
evolution up to the scale Mz , the strong cou- 
pling constant in ( p9| ) decreases to 



a,(M|) = 0.1208 ± 0.0025, 



(20) 



in excellent agreement with the direct measure- 
ments at the Z peak and with a similar accuracy. 
The comparison of these two determinations of 
as in two extreme energy regimes, ttIt and Mz, 
provides a beautiful test of the predicted running 
of the QCD coupling; i.e. a very significant ex- 
perimental verification of asymptotic freedom. 

From a careful analysis of the hadronic 
invariant-mass distribution, ALEPH ^1 53 1 and 
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Figure 9. V — A spectral function pi 



OPAL have measured the spectral func- 

tions associated with the vector and axial-vector 
quark currents. Their difference is a pure non- 
perturbative quantity, which carries important 
information on the QCD dynamics p5| , p7| -|60[ ; it 
allows to determine low-energy parameters, such 
as the pion decay constant, the electromagnetic 
pion mass difference mT^± — m^o , or the axial pion 
form factor, in good agreement with their direct 
measurements ]6l[ |. 

The vector spectral function has been also used 
to measure the hadronic vacuum polarization ef- 
fects associated with the photon and, therefore, 
estimate how the electromagnetic fine structure 
constant gets modified at LEP energies. The un- 
certainty of this parameter is one of the main lim- 
itations in the extraction of the Higgs mass from 
global electroweak fits to the LEP/SLD data. 
From the ALEPH r data [0, the Orsay group 
obtains ^"^(M^) = 128.933±0.021, which 

reduces the error of the fitted log (Mh) value by 
30%. The same r data allows to pin down the 
hadronic contribution to the anomalous magnetic 
moment of the muon a^. The recent analyses 
|30|j6^ ] have improved the theoretical prediction 
of a'^, setting a reference value to be compared 



with the measurement of the BNL-E821 experi- 
ment, presently running at Brookhaven. 

7. THE STRANGE QUARK MASS 

The LEP experiments and CLEO have per- 
formed an extensive investigation of kaon produc- 
tion in T decays p3| , |64[ . ALEPH has determined 
the inclusive invariant mass distribution of the 
final hadrons in the Cabibbo-suppressed decays 
| |6^ ]. The separate measurement of the IAS*] — 
and I A 5*1 — 1 decay widths allows us to pin down 
the SU(3) breaking effect induced by the strange 
quark mass, through the differences 



SRf = 



Tfkl 



24 



K.s 



48.^ 



(21) 

ki[as) , 



where Aki{as) and Qki{cy-s) are perturbative 
QCD corrections, which are known to 0{a'l) 
and O(a^), respectively [|5|. The small non- 
perturbative contribution, = (Ojmsss — 

mddd\Q) = -(1.5 ± 0.4) x lO^^ GcV*, has been 
estimated with Chiral Perturbation Theory tech- 
niques . Table || shows the measured p^ , |66t 
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Table 3 

Measured moments 6Rf 
ing ms{m^) values BQ]. 



Wm and correspond- 





5R'^^ 


ms{ml) (MeV) 


(0,0) 


0.370 ±0.133 


131 ± 29exp ± 14th 


(1,0) 


0.396 ±0.078 


119 ±16cxp± 12th 


(2,0) 


0.397 ±0.054 


104 ±llexp± 19th 



differences 6Rf and the corresponding (MS) val- 
ues [p6| of ms(m^). The theoretical errors are 
dominated by the very large perturbative uncer- 
tainties of A,-; (a,) |6|,|||§. 

A global analysis, using the information from 
the three moments and taking into account the 
strong error correlations, gives the result 

nisiml) = (112 ±23) MeV. 

This corresponds to m,{l GeV^) = (150 ± 35) 
MeV. A similar result is obtained from an analy- 
sis based on "optimal moments" , with improved 
perturbative convergence |71|. 

Previous estimates of m» were based on lattice 



simulations or phenomenological QCD sum rules. 
There is a rather large spread of lattice results 
fz^ ; the average value agrees with the r determi- 
nation, but some results are too small and could 
be in conflict with QCD lower bounds [Q. The 
latest QCD sum rules results are compatible 
with the r value. The advantage of the r deter- 
mination is the direct use of experimental input, 
which makes easier to quantify the associated un- 
certainties. 

8. SUMMARY 

The flavour structure of the SM is one of the 
main pending questions in our understanding of 
weak interactions. Although we do not know the 
reason of the observed family replication, we have 
learned experimentally that the number of SM 
fermion generations is just three (and no more). 
Therefore, we must study as precisely as possible 
the few existing flavours to get some hints on the 
dynamics responsible for their observed structure. 

The T turns out to be an ideal laboratory to test 
the SM. It is a lepton, which means clean physics, 
and moreover it is heavy enough to produce a 
large variety of decay modes. Naively, one would 
expect the r to be much more sensitive than the 
e or the n to new physics related to the flavour 
and mass-generation problems. 

QCD studies can also benefit a lot from the 
existence of this heavy lepton, able to decay into 
hadrons. Owing to their semileptonic character, 
the hadronic r decays provide a powerful tool to 
investigate the low-energy effects of the strong 
interactions in rather simple conditions. 

Our knowledge of the r properties has been 
considerably improved during the last few years. 
Lepton universality has been tested to rather 
good accuracy, both in the charged and neutral 
current sectors. The Lorentz structure of the lep- 
tonic T decays is certainly not determined, but 
begins to be experimentally explored. An upper 
limit of 3.2% (90% CL) has been already set on 
the probability of having a (wrong) decay from a 
right-handed r. The quality of the hadronic data 
has made possible to perform quantitative QCD 
tests and determine the strong coupling constant 
very accurately. Searches for non-standard phe- 
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nomena have been pushed to the hmits that the 
existing data samples allow to investigate. 

At present, all experimental results on the r 
lepton are consistent with the SM. There is, how- 
ever, large room for improvements. Future r ex- 
periments will probe the SM to a much deeper 
level of sensitivity and will explore the frontier of 
its possible extensions. 
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